Phytohormones are essential for integrating many aspects of plant development and responses to the environment. Regulation of hormonally controlled events occurs at multiple levels: synthesis, catabolism and perception (Trewavas 1983, Bradford and Trewavas 1994). At the level of perception, sensitivity to hormones can be regulated both spatially and temporally during the life cycle. An example of spatial regulation is the differential response to a hormone that occurs during organ abscission. Temporally, sensitivity of an organ to a hormone may change during maturation, as occurs during fruit
Introduction
Ethylene is a simple, readily diffusible gaseous hormone. It regulates multiple developmental processes including seed germination, fruit ripening, abscission and senescence (Abeles et al. 1992) . It is also an important signal mediating responses to a range of both biotic and abiotic stresses. At the level of gene expression, ethylene induces transcription of a wide range of genes involved in wound signalling (O'Donnell et al. 1996) , defense against pathogens Davis 1987, Boller 1991) and fruit ripening (Slater et al. 1985) .
Tomato offers a number of advantages as a model system for the study of ethylene responses. The well-defined roles of ethylene in mediating tomato fruit ripening, petal wilt and flower abscission, illustrate the advantages of tomato. Further, tomato is readily transformable with Agrobacterium tumefaciens and recently, significant molecular tools for gene isolation have become available (e.g. http://www/tigr.org/tdb/lgi). However, much of the seminal work in defining how ethylene receptors work has been accomplished in Arabidopsis. As we will describe below, there are some very significant differences in the way that tomato responds to ethylene. By comparing and contrasting results between species, we hope to establish the general principles of ethylene perception and separate them from the ways in which individual species have adapted the response. Physiol. Plant. 115, 2002 336 ripening. In this review, we will focus on the initial event in recognition of one hormone, ethylene. The ethylene receptor was the first plant hormone receptor to be unambiguously identified. Over the last few years, great progress has been made in elucidating the genes involved in ethylene action. Nonetheless, the mechanisms of signal transduction remain to be established. Here, we will address the status of the tomato receptor gene family and the evidence that regulation of receptor gene expression can influence the response of the plant to the hormone.
Our knowledge of the regulation of ethylene synthesis during development of tomato is quite advanced (Rottman et al. 1991 , Barry et al. 1996 , Oetiker et al. 1997 , Barry et al. 2000 . Synthesis is highly regulated, being induced in response to certain developmental cues as well as many external biotic and abiotic stresses. In addition to tight developmental control over biosynthesis, there is regulation of its perception by many tissues. For example, ethylene synthesis in climacteric fruits significantly increases at the onset of ripening, acting to coordinate the ripening process. At the same time as ethylene enters its autocatalytic synthesis phase, there is a fundamental shift in ethylene perception within the fruit. Experiments conducted with tomato (Yang 1987) indicate that immature fruits do not ripen in response to exogenous ethylene. While these fruits do perceive ethylene, as evidenced by activation of a subset of ethyleneinducible genes such as ACC oxidase, they do not initiate the developmental sequence that leads to ripening. This exposure of immature fruits to ethylene does not initiate ripening but will hasten its onset. An immature fruit that has been exposed to ethylene will initiate ripening before a similarly staged fruit that has not been exposed to ethylene. How fruits measure and respond to ethylene at the various stages of development has not been determined.
In efforts to determine how tomato regulates differential ethylene perception, we identified a mutant that is altered in its ability to perceive ethylene. Never ripe (Nr) is a semi-dominant mutant with a single nucleotide change in a gene encoding an ethylene receptor. The mutant was first described as having fruits that were incapable of ripening (Rick and Butler 1956) . Subsequent analysis indicated multiple pleiotropic effects indicative of ethylene insensitivity at all stages of development (Lanahan et al. 1994) . For example, hypocotyl elongation is not inhibited by exogenous ethylene in the dark. The mutant is greatly impaired in floral abscission as well as leaf and flower petal senescence. The Nr mutant has been very useful for unambiguously establishing the role of ethylene in several physiological and developmental processes. For example, we have used the Nr mutant to demonstrate an essential role for ethylene response in initiation of adventitious root initiation (Clark et al. 1999) . We have also used Nr to unambiguously demonstrate a role for ethylene in mediating responses to virulent pathogens . Other groups have used Nr as a tool to establish the role of ethylene in such varied processes as stimulation of abscisic acid synthesis (Hansen and Grossman 2000) , gravitropic responses (Madlung et al. 1999) , response to Alternaria AAL-toxin (Moore et al. 1999 ) and crown gall tumour growth (Aloni et al. 1998 ).
Receptor structure
Ethylene receptor proteins exhibit homology to the prokaryotic family of signal transducers known as 2-component regulators. In bacteria, the two components, referred to as the sensor and the response regulator, act to modulate responses to a wide range of developmental and environmental stimuli (reviewed in Stock et al. 2000) . Mutant Arabidopsis and tomato receptor alleles have been identified and all confer dominant ethylene insensitivity (Bleecker et al. 1988 , Guzman and Ecker 1990 , Guzman and Ecker 1990 . The genetic (Roman et al. 1995) and biochemical evidence indicate that the Arabidopsis ETR1 gene encodes an ethylene receptor. Expression of truncated forms of ETR1 in yeast showed that the first 165 amino acids are necessary and sufficient for ethylene binding (Schaller and Bleecker 1995) . Ethylene binding by the receptor is mediated by a copper cofactor (Rodriguez et al., 1999) . Mutants that no longer bind copper are incapable of binding ethylene. The receptor also exhibits strong affinity for another metal; silver binds to ETR1 and mediates ethylene binding. Silver is a widely used inhibitor of ethylene perception and likely acts by displacing copper in the active site of the receptor complex. Since the silver : receptor complex still binds ethylene, it most likely prevents a conformational change that would normally occur following copper-mediated ethylene binding.
In tomato, the ethylene receptor gene family presently consists of six members (Wilkinson et al. 1995 , Zhou Physiol. Plant. 115, 2002 337 et al. 1996a , 1996b , Lashbrook et al. 1998 , Tieman and Klee 1999 . The proteins encoded by these genes are structurally diverse and, at the most extreme, are less than 50% identical. The prototypical ethylene receptor can be broken down into three major domains. These are illustrated for the tomato receptor family in Fig. 1 .
The sensor domain contains three closely spaced hydrophobic stretches near the amino terminus that probably span a membrane. An additional putative membrane-spanning domain is present in LeETR5, LeETR6 and possibly in LeETR4. The most likely orientation places the amino terminus on one side of the membrane while the transducing portion of the protein would be located in the cytoplasm. The membrane (s) with which the receptor is associated has yet to be determined, although our membrane fractionation studies indicate that NR is plasma membrane-associated (Ciardi and Klee, unpublished) . The amino terminal portion is also the ethylene binding domain and all of the dominant mutations of ETR1 lie within the three hydrophobic regions (Chang et al. 1993 ). Ethylene binding is abolished in several of the ethylene-insensitive mutant Arabidopsis proteins (such as etr1-1). The sensor domain also contains the amino acids necessary for dimerization and copper binding (Rodriguez et al. 1999) . Although homodimerization is proven (Schaller and Bleecker 1995) , definitive proof of heterodimer formation is lacking. Nonetheless, the high degree of amino acid conservation in the amino terminus suggests that heterodimers should exist in vivo. The sensor domain can be further subdivided into the amino terminal ethylene-binding subdomain and a subdomain referred to as GAF (Aravind and Ponting 1997) . This acronym derives from its presence in cGMP binding phosphodiesterases, adenylate cyclases and the E. coli transcription factor, FhlA, a series of otherwise unrelated proteins. The functional significance of the GAF region has not been established. However, it is one of the most highly conserved domains within the ethylene receptor family.
The kinase domain has extensive sequence identity to histidine kinases and the Arabidopsis ETR1 protein has in vitro histidine kinase activity (Gamble et al. 1998 ). There are five subdomains that define the catalytic core of histidine kinases (H, N, G1, F, G2). While a subset of the Arabidopsis and tomato receptors contain all of these subdomains, others lack one or more of them. Notably, LeETR5 lacks the histidine that is autophosphorylated. Remarkably, the phosphorylated histidine is not essential for the dominant ethylene insensitivity conferred by etr1-1 in Arabidopsis (Chang and Meyerowitz 1995) . In theory, the histidine kinase would act to transmit the signal to downstream components of the ethylene pathway. However, it is not understood why a subset of the receptors would appear to be incapable of acting as histidine kinases since they lack critical catalytic amino acids. At least two possibilities exist. The histidine kinase activity may not be essential for ethylene signal transduction. Alternatively, heterodimer formation could permit signal transduction to proceed via cross-phosphorylation.
The response regulator domain has sequence identity to the output portion of bacterial 2-component systems and contains an aspartate that can be phosphorylated in bacterial proteins. In prokaryotes, there are two classes of first-component proteins, those that contain a contiguous response regulator domain with the sensor/ histidine kinase (hybrid sensors) and those that do not. Even in the hybrid sensors, there is always a separate protein that is the ultimate receiver in signal transduction (Stock et al. 2000) . In some bacterial 2-component systems, the response regulator domain is integral to transfer of the phosphate to the response regulator. As in bacteria, some members of the tomato receptor family are missing the response regulator domain. That some of these receptors maintain the response regulator domain with a high degree of conservation while others lack it suggests an important but unidentified function for this domain and may indicate non-redundant functions for a subset of receptors.
Mechanisms of receptor action
Experiments using combinations of Arabidopsis receptor knockouts indicate that the receptors act as negative regulators of ethylene responses . The Arabidopsis family consists of five proteins. Single and double loss-of-function mutants did not show any obvious ethylene-related effects, presumably due to functional redundancy. Triple mutants, however, exhibited a constitutive ethylene response, acting as if they were exposed to ethylene. A quadruple mutant was even more severe and did not reach maturity. Since the mutants do not produce more ethylene than wild type plants, this constitutive ethylene response must be due to hypersensitivity to the hormone. These results are consistent with a model in which the default state of the receptor is on and ethylene acts to turn it off. The receptor acts to suppress ethylene-inducible gene expression and a receptor incapable of binding ethylene cannot be shut off. This model predicts that less receptor increases sensitivity to ethylene while more receptor reduces sensitivity. The triple and quadruple mutants respond to basal levels of ethylene because it takes less ethylene to inactivate the remaining receptors. However, the model does not address the mode of signalling. While the obvious homology to histidine kinases certainly is compelling, the functionality of receptors lacking histidine kinase activity cannot be explained. Clearly the mechanism(s) of receptor action is still very much in question.
Despite the extensive structural differences between them, we have shown experimentally that five of the six members of the tomato family are bona fide ethylene receptors. We expressed each of these proteins in yeast. Radiolabelled ethylene binding assays were performed in the laboratory of Tony Bleecker. Results indicate that all five LeETR genes encode functional receptors with approximately equal affinity (F. Rodriguez et al., manuscript in preparation). Thus, these structurally divergent receptors have substantially equivalent affinities for ethylene.
Each tomato ethylene receptor gene has a distinct pattern of expression through development and in response to external stimuli (Lashbrook et al. 1998, Tieman and . LeETR1 and LeETR2 are, for the most part, expressed at constant levels in all tissues throughout development with LeETR1 expressed at a several-fold higher level (Lashbrook et al., 1998) . LeETR2 does exhibit a transient increase in expression during seed germination (Lashbrook et al. 1998) . In contrast, levels of NR, LeETR4, LeETR5 and LeETR6 are highly regulated. For example, during fruit development, ovaries express high levels of NR mRNA at anthesis. Expression then drops approximately 10-fold until the onset of ripening and climacteric ethylene synthesis when it rises approximately 20-fold (Lashbrook et al. 1998 ). This ripening-associated rise is an example of developmentally dependent ethylene inducibility, i.e. the gene is ethylene inducible in ripening but not in immature fruit (Wilkinson et al. 1995) . The LeETR4, LeETR5 and LeETR6 genes are abundantly expressed in flowers and fruits and less so in vegetative tissues . Both NR and LeETR4, but not the other receptor genes, are also pathogen-inducible. This pathogen inducibility of LeETR4 is an important component of the defense response, as it reduces ethylene sensitivity of the infected tissue, thus limiting tissue damage (Ciardi et al. 2001) .
The increase in NR expression is correlated with the transition from immature to ripening fruit and the altered ethylene sensitivity associated with ripening. We tested whether expression of NR regulates the changing ethylene responsiveness via antisense NR expression. There were minimal effects on growth associated with loss of NR expression and fruits ripened normally, thus ruling out an essential role for NR in the control of fruit ripening . This result has recently been independently confirmed by Hackett et al. (2000) . Considering the negative model for receptor action, the increased expression of receptors during ripening would seem paradoxical. However, ethylene is produced in such excess of what is needed for ripening that the decreased sensitivity caused by higher receptor levels probably has a minimal effect. There are potential explanations for why a plant would synthesize more receptor at a time when response to ethylene is essential. The measured dissociation time of ethylene for ETR1 is approximately 12 h (Schaller and Bleecker 1995) . In these circumstances, the only way in which a plant can turn off an ethylene response is by synthesis of new receptor. While this is not important for fruit ripening, there are many instances where ethylene is signalling a transient stress, such as flooding of roots or wounding of leaves. In these instances, it would be critical to the plant that the ethylene response is shut down after removal of the stimulus. Only by synthesis of new receptor can this occur.
A prediction of the negative regulation model of ethylene receptors is that increased levels of wild type receptor should reduce ethylene sensitivity, i.e. more receptor requires more ethylene to turn on an ethylene response. We tested this prediction by over-expressing NR in transgenic plants. Plants with several-fold increases in NR protein are less sensitive to ethylene . There is a quantitative decrease in sensitivity in those tissues where the transgene leads to a significant increase in overall receptor content. These results are consistent with the proposed model of negative regulation.
An important aspect of tomato ethylene receptor regulation was identified by analysis of transgenic plants with reduced expression of individual receptors. While there were minimal phenotypic alterations associated with 80π% reductions in NR expression, plants with equivalent reduction of LeETR4 were ethylene hypersensitive . The LeETR4 antisense lines were severely epinastic and virtually all of the flowers senesced prior to anthesis. This was unexpected since none of the single or double Arabidopsis loss-of-function mutants exhibit this phenotype . Furthermore, NR and LeETR4 are normally expressed at similar levels in many of the affected tissues and there is Physiol. Plant. 115, 2002 339 no reason to expect loss of LeETR4 to affect the plant any more than loss of NR. When the levels of the receptor mRNAs were determined in the NR antisense and the LeETR4 antisense lines, we found that LeETR4 uniquely exhibits 'functional compensation' in the NR antisense line; its expression compensates for reductions of NR mRNA. A 4-fold reduction of NR as a consequence of the antisense construct was compensated by a proportional increase in LeETR4 expression. In contrast, there was no significant increase in expression of any of the other receptor genes in the LeETR4 antisense lines . Thus, the LeETR4 gene monitors the ethylene sensitivity of the tissue and compensates to maintain overall 'normal' levels of receptor RNA. The ethylene inducibility of LeETR4 indicates that it may be responsible for synthesis of new receptors following an ethylene-mediated response. This functional compensation has not been reported to occur in Arabidopsis although a subset of the Arabidopsis receptors are known to be ethylene-inducible .
The distinct loss-of-function phenotype in the LeETR4 lines provided an opportunity to address whether the different receptors are functionally equivalent. This was accomplished by complementation of the LeETR4 loss-of-function phenotype with a 35S-NR construct. Plants with 3-to 4-fold higher levels of NR mRNA (and protein) were selected and crossed with antisense LeETR4 lines. Levels of expression of both genes in the F1 were verified. In each case, the 35S-NR construct complemented the LeETR4 deficiency. Thus, the NR protein, with less than 50% identity to LeETR4 and lacking the response regulator domain, restored wild type ethylene responsiveness .
Differential ethylene sensitivity mediated by gene expression
Regulation of receptor gene expression could function either to increase ethylene sensitivity (by reducing ethylene receptor levels) or decrease sensitivity (by increasing receptor abundance). However, in all the ethylene responses examined, only increases in receptor gene expression have been observed (Vriezen et al., 1997 , Lashbrook et al. 1998 , Tieman and Klee 1999 . Receptor gene induction occurs during seed germination, fruit ripening, and pathogen infection in tomato, and during flooding in Rumex. During pathogen infection, when induction of LeETR4 is blocked in antisense lines, defense responses and cell death are accelerated (Ciardi et al. 2001) . Therefore, induction of ethylene receptor genes may function as a dampening mechanism, slowing down an ethylene response once it is initiated. It is interesting that there are no examples of decreased ethylene receptor gene expression during an ethylene response in tomato, indicating that regulation of these genes is not a mechanism for increasing ethylene sensitivity. Instead it appears that ethylene responses are initiated through regulation of ethylene synthesis. This system allows for rapid induction of an ethylene response by a burst of ethylene synthesis followed by dampening of the response by increasing receptor levels. Since ethylene is a readily diffusible gas, the plant can react quickly to external stimuli such as pathogens without wasting resources on an extended response.
Although normal ripening of NR antisense fruit suggests that ethylene receptor levels do not affect ripening rates, receptor gene expression does appear to play a role in fruit development. Reduced LeETR4 expression in antisense fruit accelerates the onset of ripening by several days . Reducing NR expression does not have this same effect on fruit maturation, most likely because NR mRNA levels in immature wild type fruit are relatively low to begin with, less than one tenth the level of LeETR4 . Since immature fruits are still able to sense ethylene, reduced levels of LeETR4 would increase sensitivity to ethylene and accelerate the onset of ripening. Although there is no direct evidence for specific developmental functions being associated with the appearance or disappearance of specific receptors, there is now evidence that transcriptional regulation of receptor genes can and does regulate the responsiveness of tissues to ethylene , 2001 . More receptor desensitizes tissues to ethylene while less receptor increases sensitivity. The LeETR4 gene in some way monitors ethylene sensitivity and adjusts its own expression to maintain homeostasis in ethylene response.
Because of the low abundance, instability and integral membrane association of the receptors, very little information is available regarding post-transcriptional control of receptors. We have examined the levels of NR using polyclonal antibodies and there is a general correlation of protein abundance with transcript. This does not preclude post-translational modification of receptor. Rather, differential ethylene responses may occur downstream of receptor. There is some evidence that this may occur at the level of EIN3 or ERF1 transcription factor families (Solano et al. 1998 ).
Conclusions
The ethylene receptor is currently the best characterized of the phytohormone receptors. Mutant and biochemical analyses have revealed much about the mode(s) of action and biological regulation of ethylene responses. However, the significant structural divergence among the gene family members makes the mechanism of receptor signal transduction ambiguous. Although there is clearly a degree of transcriptional regulation of receptor levels, this regulation does not explain differential responsiveness of a tissue to ethylene. Clearly additional experimentation to determine the level at which differential ethylene responses occur is appropriate.
